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Introduction {#cssc201901056-sec-0001}
============

Enormous interest in post‐lithium energy‐storage systems has developed over the past several years.[1](#cssc201901056-bib-0001){ref-type="ref"} As lithium‐ion batteries (LIBs) are the major power sources for electrical vehicles and portable electronic devices, the demand on available lithium resources is rapidly increasing.[2](#cssc201901056-bib-0002){ref-type="ref"} However, by exploiting lithium sources for these purposes, the price of the metal will dramatically rise as a consequence of the growing electrification.[3](#cssc201901056-bib-0003){ref-type="ref"} A promising alternative technology is the sodium‐ion battery (NIB), which provides the advantages of highly abundant sodium, low cost, and a similar intercalation chemistry to that of lithium.[4](#cssc201901056-bib-0004){ref-type="ref"}, [5](#cssc201901056-bib-0005){ref-type="ref"} Various combinations of organic electrolytes and materials known from LIB technology have shown promising results for NIBs.[5](#cssc201901056-bib-0005){ref-type="ref"}, [6](#cssc201901056-bib-0006){ref-type="ref"}, [7](#cssc201901056-bib-0007){ref-type="ref"}, [8](#cssc201901056-bib-0008){ref-type="ref"}, [9](#cssc201901056-bib-0009){ref-type="ref"}, [10](#cssc201901056-bib-0010){ref-type="ref"} Therefore, a wide range of experiments have been transferred from LIB systems to NIB systems in the state‐of‐the‐art literature. Nevertheless, the increased reactivity of sodium metal, which is used as a counter and reference electrode for electrochemical half‐cell tests, usually remains neglected. Iermakova et al.[11](#cssc201901056-bib-0011){ref-type="ref"} discovered a reduced electrochemical stability of symmetric Na/Na cells in conventional organic electrolytes compared with Li/Li cells. They presumed effects like electrolyte decomposition and electrical contact loss between metallic Na and the current collector as the main root cause for this behavior.[11](#cssc201901056-bib-0011){ref-type="ref"} Likewise, Zarrabeitia et al.[12](#cssc201901056-bib-0012){ref-type="ref"} observed an influence of the sodium metal when comparing Na~2~Ti~3~O~7~/NaFePO~4~ full‐cells with Na~2~Ti~3~O~7~/Na half‐cells. Additionally, Conder and Villevieille[13](#cssc201901056-bib-0013){ref-type="ref"} showed that achieving passivation of the sodium surface is hardly manageable in electrochemical cells. They proposed an optimized fabrication of sodium metal electrodes with attention to a smooth and clean surface and the thickness of the metal.

Using Na metal as the counter and/or reference electrode leads to a detrimental distortion of the electrochemical measurement (e.g., the active material under investigation). In this work, we present novel insights into the reaction processes of sodium metal towards organic carbonate electrolytes. For this purpose, we compare the established Na half‐cell with activated carbon (AC) counter and quasi‐reference electrodes (QREs). Such QREs have been reported as suitable alternative reference electrodes in several electrochemical systems.[14](#cssc201901056-bib-0014){ref-type="ref"} Additionally, AC has been successfully used as a counter electrode, showing a stable behavior, which is influenced by different surface groups.[15](#cssc201901056-bib-0015){ref-type="ref"}, [16](#cssc201901056-bib-0016){ref-type="ref"}, [17](#cssc201901056-bib-0017){ref-type="ref"} We underline the importance for critical reflection of data gained from electrochemical experiments concerning the application of cell setups for NIBs.

Results and Discussion {#cssc201901056-sec-0002}
======================

Reactivity of sodium towards organic electrolytes {#cssc201901056-sec-0003}
-------------------------------------------------

Sodium metal was reported to have an influence on the electrochemical performance of half‐cells during cycling.[11](#cssc201901056-bib-0011){ref-type="ref"}, [12](#cssc201901056-bib-0012){ref-type="ref"} Typically, organic carbonates such as ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene carbonate (PC), etc. are the most frequently used solvents for Na salts like sodium perchlorate (NaClO~4~) or sodium hexafluorophosphate (NaPF~6~) to form the commonly used electrolytes.[7](#cssc201901056-bib-0007){ref-type="ref"}, [18](#cssc201901056-bib-0018){ref-type="ref"}, [19](#cssc201901056-bib-0019){ref-type="ref"} By placing Na metal inside such electrolytes, as shown in Figure [1](#cssc201901056-fig-0001){ref-type="fig"}, we were able to visualize clearly that sodium reacts with the different electrolytes, even without electrochemical cycling. The electrolytes will be referred as E‐NaClO~4~ (1 [m]{.smallcaps} NaClO~4~ in EC/DMC), E‐NaPF~6~ (1 [m]{.smallcaps} NaPF~6~ in EC/DMC), and P‐NaClO~4~ (1 [m]{.smallcaps} NaClO~4~ in PC). A more detailed description is given in the Experimental Section. Immediately after Na addition, the metal exhibits a shiny metallic surface and the liquid electrolytes are colorless and clear in all cases (see Figure [1](#cssc201901056-fig-0001){ref-type="fig"} a). After three days, a difference appears between the different electrolytes. A massive color change can be observed for E‐NaClO~4~ in Figure [1](#cssc201901056-fig-0001){ref-type="fig"} b. The clear solution turns to dark red and turbid after three days. Also, in case of E‐NaPF~6~ (see Figure [1](#cssc201901056-fig-0001){ref-type="fig"} d), the solution turns cloudy but remains colorless. In the case of P‐NaClO~4~, shown in Figure [1](#cssc201901056-fig-0001){ref-type="fig"} c, the solution turns slightly yellow but remains clear. These changes are likely caused by side reactions with the electrolyte. The surface of the Na metal has altered in all three samples. From this simple optical examination, it is possible to conclude that spontaneous reactions take place in all electrolytes and that sodium forms decomposition products with the electrolyte.

![a) Na metal in E‐NaClO~4~ right after Na addition (representative for all electrolytes). b) Na metal in E‐NaClO~4~, c) in P‐NaClO~4~, and d) in E‐NaPF~6~ after three days.](CSSC-12-3312-g001){#cssc201901056-fig-0001}

To obtain a deeper understanding of the processes occurring on the sodium surface, optical microcopy was conducted over the timeframe of the experiment. A sealed microscopy cell with Na metal on a polyethylene (PE) film and filled with E‐NaClO~4~ was prepared. To monitor the changes on the metal surface, boundary, and the PE film, an area at the edge of the Na metal was chosen for the observation (Figure [2](#cssc201901056-fig-0002){ref-type="fig"}). The transformation process over 10 days is visualized in Figure [2](#cssc201901056-fig-0002){ref-type="fig"} a--f. An outgrowth is formed after only 15 min as can be seen when comparing the highlighted area in Figure [2](#cssc201901056-fig-0002){ref-type="fig"} a and b. With increasing time, this particle shrinks again (highlighted section in Figure [2](#cssc201901056-fig-0002){ref-type="fig"} d). Finally, it entirely vanished after three days (Figure [2](#cssc201901056-fig-0002){ref-type="fig"} e). According to this study, a conversion of the Na metal surface over time becomes evident. The shiny and smooth Na‐metal surface in Figure [2](#cssc201901056-fig-0002){ref-type="fig"} a turns dark and becomes rougher (see Figure [2](#cssc201901056-fig-0002){ref-type="fig"} c--f). We relate these observations to the formation of a solid interphase consisting of degradation products of reactions between Na and the electrolyte. However, particles of this phase are continuously peeled off and diffuse into the electrolyte. Afterwards, the blank Na surface can further react with the electrolyte. This assumption is supported by the turbid appearance of E‐NaClO~4~ and E‐NaPF~6~ (Figure [1](#cssc201901056-fig-0001){ref-type="fig"}) and the decrease of the image intensity during optical microscopy (Figure [2](#cssc201901056-fig-0002){ref-type="fig"} c--f). Both effects are likely caused by the interaction of light with the particles in the electrolyte. As PE does not react with the electrolyte, the reduced intensity must be caused by a cloudier electrolyte and the image cannot just become darker as a result of the rougher surface or color change.

![Optical microscopy images of Na metal on a polyethylene film, filled with E‐NaClO~4~ in a sealed sell. Pictures were recorded after a) 1 min, b) 15 min, c) 1 h, d) 1 d, e) 3 d, and f) 10 d. The yellow highlighted area shows a time‐resolved reaction on the Na surface.](CSSC-12-3312-g002){#cssc201901056-fig-0002}

These findings raise serious doubts about the use of Na metal for electrochemical investigations. Indeed, even without electrochemical cycling, high reactivity of the sodium metal is demonstrated (Figures [1](#cssc201901056-fig-0001){ref-type="fig"} and [2](#cssc201901056-fig-0002){ref-type="fig"}). Decomposed species can diffuse inside the electrolyte and can thus interact with the electrochemical system under investigation. Not only instabilities of the passivation layer but also dendrite‐like changes of the Na surface can lead to short circuits in the cell. Moreover, the side reactions taking place at the Na/electrolyte surface are possibly amplified during electrochemical cycling (i.e., when using the Na metal as a counter electrode). Such effects likely result in distorted conclusions about the tested materials. However, the three‐electrode setup is still indispensable for the investigation of the behavior of single electrodes.[20](#cssc201901056-bib-0020){ref-type="ref"} Sensitive techniques like electrochemical impedance spectroscopy require a reliable reference electrode (RE) with a stable potential over time.[21](#cssc201901056-bib-0021){ref-type="ref"} A reactive Na metal RE cannot guarantee this as polarization effects cannot be excluded. Consequently, there is not only a lack of reliability for the described half‐cell measurements, but also transfer of the results to a full cell would not be consistent as already observed in Ref. [12](#cssc201901056-bib-0012){ref-type="ref"}.

Influence of metallic sodium in electrochemical cells {#cssc201901056-sec-0004}
-----------------------------------------------------

To study the impact of Na metal in an electrochemical cell, the reactivity of Na metal towards the electrolyte during cycling has to be considered. Comparing symmetric hard carbon cells with three‐electrode cells consisting of a Na counter and reference electrode and a hard carbon working electrode, an unstable behavior of the solid electrolyte interphase (SEI) owing to decomposition products was assumed by Iermakova et al.[11](#cssc201901056-bib-0011){ref-type="ref"} For such an analysis, materials like hard carbon are not optimal as they show a very low intercalation profile below 0.1 V (vs. Na/Na^+^).[22](#cssc201901056-bib-0022){ref-type="ref"}, [23](#cssc201901056-bib-0023){ref-type="ref"} This potential is below the stability window of organic electrolytes and may cause sodium plating and stripping on the electrode surface.[22](#cssc201901056-bib-0022){ref-type="ref"}, [23](#cssc201901056-bib-0023){ref-type="ref"} Consequently, it cannot be distinguished between degradation products, which occur as a result of reactions with Na, and the ones that can form owing to electrolyte decomposition at low potential. Additionally, sodium plating and stripping may change the surface and the SEI and can cause additional reactions between the electrolyte and the plated sodium metal.

We selected Li~4~Ti~5~O~12~ (LTO) as a suitable reference material to evaluate the impact of Na metal on the electrolyte. LTO possesses a higher intercalation potential at about 0.9 V (vs. Na/Na^+^) and a high stability during cycling.[9](#cssc201901056-bib-0009){ref-type="ref"}, [19](#cssc201901056-bib-0019){ref-type="ref"} Furthermore, the intercalation mechanism of Na ions into LTO is well investigated in terms of the change of the crystal structure during cycling.[8](#cssc201901056-bib-0008){ref-type="ref"}, [19](#cssc201901056-bib-0019){ref-type="ref"}, [24](#cssc201901056-bib-0024){ref-type="ref"}, [25](#cssc201901056-bib-0025){ref-type="ref"}

For this reason, in this work, LTO was employed as exemplary working electrode material in two different cell setups: one using Na metal as the counter and reference electrode, one using activated carbon (AC) as the counter and reference electrode. All electrochemical measurements were conducted by using a three‐electrode configuration. The cell‐setup labelling will from hereon be L/Na and L/AC, respectively. Figure [3](#cssc201901056-fig-0003){ref-type="fig"} a and b demonstrate the difference in cycling stability, comparing both setups and using three different electrolytes. All L/Na cells show a rapid capacity loss of more than 35 % during the initial 20 cycles (Figure [3](#cssc201901056-fig-0003){ref-type="fig"} a). The capacity gradually stabilizes, but a continuous decrease can be observed during further cycling. Starting with initial capacities of 105--125 mAh g^−1^, the L/Na cells end up below 60 mAh g^−1^ after 100 cycles, which is a loss of about 40--55 %. On the contrary, the L/AC cells first show an increase in capacity during the initial 20 cycles, followed by a stabilization period (Figure [3](#cssc201901056-fig-0003){ref-type="fig"} b). After 100 cycles, the capacity retention for these cells is more than 83 % of their maximum capacity. In fact, the L/AC‐E‐NaClO~4~ shows the highest capacity during cycling, combined with the most stable behavior, exhibiting 96 % of its maximum capacity after 100 cycles. These results contradict the conclusions of Sun et al.[19](#cssc201901056-bib-0019){ref-type="ref"} and Zhao et al.;[26](#cssc201901056-bib-0026){ref-type="ref"} both solely related the rapid capacity loss of similarly composited LTO working electrodes to the reactivity of the used polyvinylidene fluoride (PVdF) binder. Their measurements were conducted with Na metal counter and reference electrodes. Our results can confirm the unstable cycling behavior of LTO in a Na half‐cell setup and clearly show more stable performance when no Na metal is present in the electrochemical setup.

![Comparison of L/Na and L/AC cell performance with different organic electrolytes at charging/discharging currents of 50 mA g^−1^. a) Electrochemical cycling stability of L/Na cells. b) Electrochemical cycling stability of L/AC cells. c) Coulombic efficiencies of L/Na cells. d) Coulombic efficiencies of L/AC cells.](CSSC-12-3312-g003){#cssc201901056-fig-0003}

By further comparing L/Na with L/AC cells, additional insights can be gained. In general, the L/AC cells exhibit strong capacity differences when comparing the different electrolytes. Thus, without Na metal contact, the different electrolyte properties become apparent. We relate the distinctions of the L/AC cells to electrolyte properties such as conductivity, viscosity, dielectric constants, or differences in the formed SEI.[5](#cssc201901056-bib-0005){ref-type="ref"} For cells containing sodium metal, these small electrochemical nuances cannot be illuminated owing to the impact caused by the electrolyte contaminations. Additionally, the properties of the electrolyte in Na‐containing half‐cells could have changed as a result of the degradation products. The initial capacity increase of the L/AC cells is related to the known conditioning process during the first cycles, which facilities further sodiation reactions.[8](#cssc201901056-bib-0008){ref-type="ref"}, [9](#cssc201901056-bib-0009){ref-type="ref"} This effect is not visible for L/Na cells, which could be related to the contaminated electrolyte. We cannot give an explicit functional mechanism in the current study, as this would require knowledge of detailed processes that are taking place in narrow atomic dimensions close to the counter electrode/electrolyte interface.

The coulombic efficiencies (CEs) are given in Figure [3](#cssc201901056-fig-0003){ref-type="fig"} c, d to evaluate the disparities between both cell setups. All cells start with CEs below 70 %, reaching 90 % after ten cycles. Such behavior is attributed to the rearrangement of the LTO crystal structure[9](#cssc201901056-bib-0009){ref-type="ref"}, [27](#cssc201901056-bib-0027){ref-type="ref"} and to side reactions of the cell components, leading to SEI formation.[28](#cssc201901056-bib-0028){ref-type="ref"} In general, the CEs of all cells are relatively similar. L/Na cells reach CEs of more than 96 % (Figure [3](#cssc201901056-fig-0003){ref-type="fig"} c) whereas L/AC cells reach 93--95 % (Figure [3](#cssc201901056-fig-0003){ref-type="fig"} d). Considering the lower CE of the L/AC cells, the reactivity of the electrolytes towards the AC surface groups should be taken in account. Such surface characteristics of AC counter electrodes might lead to side reactions between the AC surface groups and the electrolyte or undesirable polarization effects.[15](#cssc201901056-bib-0015){ref-type="ref"}, [16](#cssc201901056-bib-0016){ref-type="ref"}, [29](#cssc201901056-bib-0029){ref-type="ref"} Therefore, we want to highlight that the chosen AC setup is not the optimal alternative to the established Na metal setup. Nonetheless, we observe explicit differences when comparing the electrochemical performance of both setups. Hence, the reactivity of Na metal towards the electrolyte affects the electrochemical system to a greater extent than when using the AC setup. Further work is required to uncover the underlying processes of the low CE to further improve the electrochemical properties.

In the following, we will demonstrate the impact of degraded species on the working electrode bulk material by ex situ XRD analysis and on the electrode surface chemistry by X‐ray photoelectron spectroscopy (XPS) analysis.

Impact of Na metal reactivity on the bulk material after electrochemical cycling {#cssc201901056-sec-0005}
--------------------------------------------------------------------------------

The electrochemical properties of LTO have been well investigated for Li‐ion insertion/extraction[8](#cssc201901056-bib-0008){ref-type="ref"}, [24](#cssc201901056-bib-0024){ref-type="ref"}, [30](#cssc201901056-bib-0030){ref-type="ref"} as well as for Na‐ion intercalation/deintercalation.[8](#cssc201901056-bib-0008){ref-type="ref"}, [9](#cssc201901056-bib-0009){ref-type="ref"}, [19](#cssc201901056-bib-0019){ref-type="ref"}, [25](#cssc201901056-bib-0025){ref-type="ref"}, [31](#cssc201901056-bib-0031){ref-type="ref"} In the case of Na ions, Sun et al.[19](#cssc201901056-bib-0019){ref-type="ref"} predicted a three‐phase storage mechanism, 2 Li~4~Ti~5~O~12~+6 Na^+^+6 e^−^⇌Li~7~Ti~5~O~12~+Na~6~LiTi~5~O~12~, and proved it by in situ X‐ray diffraction measurements. Additionally, Yu et al.[25](#cssc201901056-bib-0025){ref-type="ref"} confirmed these findings. Figure [4](#cssc201901056-fig-0004){ref-type="fig"} a and b illustrates the galvanostatic charge/discharge profiles of the second and 50th cycles for L/Na‐E‐NaClO~4~ and L/AC‐E‐NaClO~4~, respectively. Comparing the sodiation curves of the second and 50th cycles, a difference is evident between 1.2 and 0.9 V (vs. Na/Na^+^; Figure [4](#cssc201901056-fig-0004){ref-type="fig"} a) and between −1.3 and −1.6 V (vs. carbon; Figure [4](#cssc201901056-fig-0004){ref-type="fig"} b). This can be attributed to structural rearrangements during the initial cycling. Nevertheless, the first sodiation plateau of cycle 50 at −1.6 V (vs. carbon) is significantly pronounced (Figure [4](#cssc201901056-fig-0004){ref-type="fig"} b). At the same time, this plateau is not apparent for the L/Na‐E‐NaClO~4~ cell. As a three‐phase mechanism can be indicated by multiple plateaus, we assume that decomposition products result in hindered Na‐ion insertion/extraction, causing lower capacities.

![Galvanostatic charge and discharge profiles of the second and 50th cycle for a) L/Na‐E‐NaClO~4~ and b) L/AC‐E‐NaClO~4~.](CSSC-12-3312-g004){#cssc201901056-fig-0004}

To examine if decomposed species have an influence on the active bulk of LTO, we performed XRD measurements of the cycled electrodes. For this purpose, L/Na‐E‐NaClO~4~ and the respective L/AC‐E‐NaClO~4~ electrode materials were measured by XRD in the desodiated state after 100 cycles and compared with pristine LTO (Figure [5](#cssc201901056-fig-0005){ref-type="fig"}). Even though the cells were desodiated by a subsequent voltage hold after discharging, a small amount of a residual Na‐containing phase remained. The diffractograms of cycled LTO both verify the formation of a sodiated structure, indicated by shoulders that are located below the 1 1 1, 3 1 1, and 4 0 0 reflections of LTO.[19](#cssc201901056-bib-0019){ref-type="ref"} Moreover, the reflections of the Li~4~Ti~5~O~12~/Li~7~Ti~5~O~12~ phase can be identified (ICSD \#182954). The identical shape of both cycled materials proves that contaminations, which originate from reactions between Na and the electrolyte, do not change the bulk material. Indeed, the structural properties of LTO after cycling are identical for both cell setups. Therefore, it seems that solely the surface of the working electrode is affected by side reactions with decomposed electrolyte species and will be analyzed in the following.

![XRD patterns of cycled L/AC‐E‐NaClO~4~ and L/Na‐E‐NaClO~4~ electrodes and the respective pristine LTO electrode.](CSSC-12-3312-g005){#cssc201901056-fig-0005}

Surface analysis after electrochemical cycling {#cssc201901056-sec-0006}
----------------------------------------------

To understand the chemistry of the surface and its correlation with the performance and stability, XPS measurements were conducted on the LTO electrodes of both setups for three different electrolytes. All spectra are corrected with respect to the peak position at 285.0 eV (−CH~2~−)[32](#cssc201901056-bib-0032){ref-type="ref"}, [33](#cssc201901056-bib-0033){ref-type="ref"} from the pristine LTO electrode sample. The F 1s core level in Figure [6](#cssc201901056-fig-0006){ref-type="fig"} a shows that the pristine LTO has a single peak at 688.0 eV, which corresponds to the −CF~2~− groups from the PVdF binder.[33](#cssc201901056-bib-0033){ref-type="ref"}, [34](#cssc201901056-bib-0034){ref-type="ref"} When the LTO electrodes are sodiated, two peaks appear. The signal at 684.0 eV can be assigned to LiF and NaF;[35](#cssc201901056-bib-0035){ref-type="ref"}, [36](#cssc201901056-bib-0036){ref-type="ref"} for all samples, these peaks appear at similar binding energies. In contrast, the second peak is shifted when comparing the spectra with regard to the different cell setups. In the case of the AC samples, the second signal appears at 687.8 eV whereas for the samples cycled versus Na, it is shifted to 687.0 eV and indicated by "\#" in Figure [6](#cssc201901056-fig-0006){ref-type="fig"} a. As previously reported by Dahbi et al.,[36](#cssc201901056-bib-0036){ref-type="ref"} this shift is assigned to a decomposition of the PVdF binder owing to defluorination. Consequently, if Na metal is used as counter and reference electrode, the decomposition of PVdF is more severe and can affect the cycling stability of the working electrode.

![a) F 1s and b) C 1s spectra of the pristine LTO electrode and all samples after 20 cycles in the sodiated state with proposed assignments.](CSSC-12-3312-g006){#cssc201901056-fig-0006}

Considering the C 1s spectra (Figure [6](#cssc201901056-fig-0006){ref-type="fig"} b), the pristine LTO electrode shows an intense peak at 284.2 eV corresponding to the graphitic parts of the conductive additive. Additionally, there are other peaks at 285.0, 286.3, 288.7, and 291.0 eV, which are assigned to −CH~2~−, −CF~2~−C\*H~2~−, O=C−O, and −C\*F~2~−CH~2~−+CO~3~−, respectively.[32](#cssc201901056-bib-0032){ref-type="ref"}, [33](#cssc201901056-bib-0033){ref-type="ref"}, [34](#cssc201901056-bib-0034){ref-type="ref"}, [37](#cssc201901056-bib-0037){ref-type="ref"} When comparing the spectra with regard to solely the setup properties, the sodiated electrodes show very similar spectra for all AC setups. The same is observed for the Na setup, independently of the electrolyte. This indicates that the surface layers that form on the LTO electrodes depend more on the type of counter electrode than on the type of electrolyte used. Moreover, the C 1s and F 1s spectra for all AC samples have a lower intensity than that of the Na samples (Figure [6](#cssc201901056-fig-0006){ref-type="fig"} a, b). This indicates that the surface layer appears to be thicker for all AC samples than the Na samples. The most prominent difference in the C 1s spectra appears in the region between 289 eV and 291 eV. Two signals are observed for the AC samples at 289.3 eV and 290.7 eV whereas only one is present for all Na samples at 290.0 eV and is marked with "\#" in Figure [6](#cssc201901056-fig-0006){ref-type="fig"} b. For the AC samples, the peak at the higher binding energy is assigned to the PVdF binder and possibly to organic carbonates. The new signal at around 289.3 eV is most likely due to Na~2~CO~3~ or alkyl carbonates R‐OCO~2~Na.[32](#cssc201901056-bib-0032){ref-type="ref"}, [33](#cssc201901056-bib-0033){ref-type="ref"} At 290.0 eV, a signal appears only for the Na samples and cannot be identified. Still, it could be related to PVdF decomposition as there is no clear signal in the CF~2~ region anymore. This assumption fits well with the shifted F 1s peak at 687.0 eV (Figure [6](#cssc201901056-fig-0006){ref-type="fig"} a). Therefore, in the case of the Na samples, the binder seems to be more affected by the decomposed electrolyte owing to the presence of Na in the half‐cell. In general, decomposition products do not only lead to altered electrolyte properties but also affect the working electrode surface, which can impair the electrochemical stability.

Conclusions {#cssc201901056-sec-0007}
===========

The reactivity of sodium metal towards the electrolyte was evaluated by microscopic and macroscopic optical observation. It was shown that a decomposition of the sodium surface and the electrolyte takes place very rapidly even without electrochemical cycling. To analyze such decomposition effects on the electrochemical performance, the commonly used Na half‐cell setup was compared with a sodium‐metal‐free half‐cell. It was possible to prove that a significant difference in the electrochemical stability appears when comparing sodium‐containing half‐cells to sodium‐free ones. When sodium was used as the counter and reference electrode, a fast decrease of the Li~4~Ti~5~O~12~ (LTO electrode capacity was determined. A different behavior for the same working electrode was discovered after replacing sodium electrodes with activated carbon (AC) electrodes. We expect that the side reactions between sodium and the electrolytes are enhanced by electrochemical cycling experiments. This drastically impairs the stability of sodium half‐cells. Additionally, ex situ XRD analysis showed that decomposition products do not influence the crystal structure of the active material. XPS measurements were conducted to demonstrate that the occurring instabilities are caused by electrolyte contaminations and to evaluate their impact on the surface chemistry. Such distortions could lead to wrong conclusions of electrochemical experiments and problems in transferring half‐cell results to full cells. Additional work should focus on improving alternative counter and reference electrodes, as avoiding sodium seems to be essential for reliable electrochemistry. Attention should be payed especially to the influence of surface species on AC electrodes. It is also important to find an alternative Na source in the counter electrode to avoid the consumption of Na^+^ ions from the electrolyte.

Experimental Section {#cssc201901056-sec-0008}
====================

Electrolytes {#cssc201901056-sec-0009}
------------

The preparation and handling of the electrolyte solvents and salts was conducted in an argon‐filled glovebox (MBraun, O~2~ and H~2~O \<0.5 ppm). All sodium salts were dried under vacuum at 80 °C for 48 h. Three different combinations of organic solvents and sodium salts were prepared: 1 [m]{.smallcaps} sodium perchlorate (NaClO~4~, Alfa Aesar, \>99 %) was dissolved in propylene carbonate (PC, Sigma--Aldrich, 99.7 %) and in a mixture of 1:1 (by mass) ethylene carbonate (EC, Sigma--Aldrich, ≥99 %) and dimethyl carbonate (DMC, Sigma--Aldrich, ≥99 %). Additionally, 1 [m]{.smallcaps} sodium hexafluorophosphate (NaPF~6~, Alfa Aesar, \>99 %) was dissolved in a 1:1 (by mass) mixture of EC and DMC. All prepared electrolytes were examined by Karl--Fischer titration and were found to contain less than 25 ppm water. The electrolytes are labeled as E‐NaClO~4~ (1 [m]{.smallcaps} NaClO~4~ in EC/DMC), E‐NaPF~6~ (1 [m]{.smallcaps} NaPF~6~ in EC/DMC), and P‐NaClO~4~ (1 [m]{.smallcaps} NaClO~4~ in PC).

Optical characterization {#cssc201901056-sec-0010}
------------------------

For visual analysis of the Na reactivity, Na metal pieces (0.25 g, Alfa Aesar, 99.95 %) were thoroughly cleaned by scraping the surface layer of the metal with a scalpel in an argon‐filled glovebox to remove any impurities on the metal surface. These shiny metal pieces were added to 5 mL of each of the three different electrolytes. Pictures were taken right after the addition of the metal and three days later.

For optical microscopy studies, the microscopy cell consisted of a polyethylene (PE) film, an O‐ring, and a borosilicate glass, which were clamped between two metal plates to seal the cell. The upper metal plate was perforated to enable optical microscopy through the underlying borosilicate window. The sodium metal was pressed onto the polyethylene film and the cell was filled with the electrolyte (1 [m]{.smallcaps} NaClO~4~ in EC/DMC) inside an argon‐filled glovebox. Bright field imaging with an Olympus BXFM microscope at 10× magnification was performed. To increase the depth of field, focus stacks consisting of 25 single CCD images with 8 μm distance between the focal planes were taken. During the experiment, images were recorded every 15 min.

Electrode materials and preparation {#cssc201901056-sec-0011}
-----------------------------------

Activated carbon (AC) powder was obtained from HayCarb PLC and conductive additive powder carbon black (CB) type C‐NERGY C65 from Imerys Graphite & Carbon. Nanometer‐sized lithium titanate (LTO, type: lithium titanate, spinel, nanopowder) was purchased from Sigma--Aldrich.

Working electrodes were prepared by mixing 80 mass % LTO powder with 10 mass % CB and 10 mass % polyvinylidene fluoride (PVdF) dissolved in dimethyl sulfoxide (DMSO) in a DAC150.1 FVZ speed‐mixer from Hauschild. LTO and CB were first dry mixed at 1000 rpm for 5 min. Then, DMSO was added to obtain a viscous paste. This paste was again mixed at 1500 rpm for 10 min, followed by 2500 rpm for 10 min, before adding the binder solution. The last mixing step was conducted at 800 rpm for 10 min. PVdF was used as the binder for the LTO working electrodes as it is one of the most frequently used binders in LIBs as well as in NIBs.[7](#cssc201901056-bib-0007){ref-type="ref"}, [8](#cssc201901056-bib-0008){ref-type="ref"}, [10](#cssc201901056-bib-0010){ref-type="ref"} The slurries were doctor bladed onto an aluminium foil and dried for three days at ambient conditions. Subsequently, the electrodes were punched out (12 mm in diameter) and transferred into a vacuum oven inside an Ar‐filled glovebox. Finally, a vacuum drying step at 120 °C for 12 h was conducted. The thickness of the dried LTO electrodes was typically 25 μm with a mass loading of 3±1 mg cm^−2^ (the full electrode mass including the current collector was 8±1 mg cm^−2^).

For the preparation of the counter and QRE, AC was mixed with isopropanol in a DAC150.1 FVZ speed mixer. For the transformation to a paste, 10 mass % (dry mass) of dissolved polytetrafluoroethylene (PTFE, 60 mass % solution in water from Sigma--Aldrich) was added to the mixture and speed‐mixed at 800 rpm for 5 min. The utilization of PTFE binder has the advantage of obtaining a highly oversized AC electrode to avoiding electrode cracking. To obtain a viscous consistency, the paste was kneaded manually on a glass plate. It was then placed between two PE foils and manually rolled to a thickness of 1±0.25 mm. Discs with 12 mm diameter were punched out after drying for 12 h in ambient atmosphere. The mass of the counter electrode was typically 100±5 mg cm^−2^. The remaining parts were kept and used as the QRE. The electrodes were transferred to a vacuum oven inside an Ar‐filled glovebox and dried at 120 °C for 24 h under vacuum. The initial potential difference between the used HayCarb AC QRE and metallic sodium was determined to be 2.6 V.

Cell preparation and electrochemical characterization {#cssc201901056-sec-0012}
-----------------------------------------------------

Custom‐built polyether ether ketone (PEEK) cells with spring‐loaded titanium pistons as a three‐electrode system were used for electrochemical testing as described in Ref. [38](#cssc201901056-bib-0038){ref-type="ref"}. After drying all cell parts at 120 °C, the cells were assembled inside an Ar‐filled glovebox. When using sodium metal, great importance was paid to the preparation of the counter and reference electrodes as proposed in Ref. [13](#cssc201901056-bib-0013){ref-type="ref"}. The surface was removed thoroughly with particular care to obtain a smooth surface to avoid inhomogeneity and impurities. The counter electrodes were pressed to a uniform thickness of 1 mm. It is crucial to compare the Na half‐cells with another half‐cell setup where one can exclude the effect of cathode decomposition as in full‐cells. We used two different half‐cell setups to characterize the LTO working electrodes: i) a sodium metal reference electrode and a 12 mm diameter sodium disc as counter electrode and ii) AC as the QRE and a 12 mm diameter AC disc as counter electrode. The cells are referred to as L/Na (i) and L/AC (ii). In both cases, the counter electrode and the LTO working electrodes were separated by a 13 mm diameter vacuum‐dried glass‐fiber disc (Whatman GF/D). Cells that were cycled for XPS analysis were additionally separated by a cellulose separator (Nippon Kodoshi). This separator was placed on top of the LTO electrode to avoid the adhesion of glass fibers on the surface. An aluminum foil current collector was placed on the backside of each counter electrode. The Na reference electrode and the QRE were placed on a compressed glass fiber separator (GF/D, from Whatman) in a cavity close to the working electrode/counter electrode stack and contacted with a titanium wire. The cells were vacuum filled with three different electrolytes, using the same electrolytes for a L/AC and L/Na cell, respectively.

Electrochemical measurements were carried out in a climate chamber at 25 °C by using a VMP3 multi‐channel potentiostat/galvanostat (Bio‐logic Science Instrument, France), equipped with the EC‐Lab software. Galvanostatic charge/discharge cycling with potential limitation (GCPL) experiments were performed in voltage windows of 0.1--2.2 V (vs. Na/Na^+^) and −2.5--0.4 V (vs. carbon) with a charge/discharge current of 50 mA g^−1^. The cycling stability measurements were stopped after 100 cycles. Cells that were prepared for XPS analysis were stopped after 20 cycles in the sodiated state. All capacity values stated in this work are given with respect to the active material mass.

X‐ray diffraction measurements {#cssc201901056-sec-0013}
------------------------------

Ex situ X‐ray diffraction (XRD) measurements of cycled electrodes were performed with a STOE STADI P diffractometer (CuK~α1~‐radiation, *λ*=1.5406 Å) in flat‐sample transmission mode. For phase identification, the ICSD database was utilized.

L/Na and L/AC cells, soaked in E‐NaClO~4~, were polarized to 2.2 V (vs. Na/Na^+^) after 100 cycles. The potential was held for 2 h to obtain full desodiation. Afterwards, the cells were disassembled in air and the electrodes were washed with DMC to remove the remaining salt. The electrode coating was carefully removed from the aluminium foil of the cycled cells electrodes and from a pristine electrode. The obtained electrodes without current collector were characterized by XRD.

XPS analysis {#cssc201901056-sec-0014}
------------

L/AC and L/Na cells filled with E‐NaClO~4~, P‐NaClO~4~, and E‐NaPF~6~ were charged/discharged 20 times and stopped in the sodiated state at 0.1 V (vs. Na/Na^+^) and −2.5 V (vs. carbon). The cells were transferred to an Ar‐filled glovebox for disassembly. The LTO electrodes were then removed and rinsed with DMC prior to XPS measurements. The electrodes were transferred to the XPS measurement chamber in an inert atmosphere to minimize the surface reactions and contaminations from air. X‐ray photoemission measurements were performed by using a K‐Alpha XP spectrometer from Thermo Fisher Scientific (East Grinstead, UK). The samples were illuminated with monochromatic AlK~α~ X‐rays with a spot size of analysis of 400 μm. The photoelectrons were detected with a hemispherical 180 dual focus analyzer with 128 channel detectors.
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